Studies on the influence of a perennial cormorant colony on chemical and microbial pollution of a reservoir were conducted in Chrzypskie Lake. During the investigation carried out between 2009-2010 in the area of the colony, 155-175 breeding pairs were observed. High pollution of groundwater with biogenic elements and coliform bacteria (together with E. coli) was recorded within the boundaries of the colony. Pollutants migrated to the lake together with groundwater. Mean values of the analyzed forms of biogenic elements and bacteria formed a gradient from the highest values recorded near the colony to the lowest ones recorded in the central part of the lake.
INTRODUCTION
The growing population of black cormorants (Phalacrocorax carbo sinensis L.) in Europe and the situation of colonies in new areas have raised concerns as to the consequences of their presence in the environment. Water birds, like the cormorant, are a very important intermediate link in some food chains and a factor that facilitates the dislocation of the matter between aquatic and terrestrial ecosystems (Marion et al. 1994) . During the breeding season, cormorants feeding in the aquatic environment transport a large amount of biomass and chemical substances to colonies situated on land (Gere & Andrikovics 1992 .
From one point of view, cormorants exclude biogenic elements (together with fish) from water ecosystems (Ligęza & Smal 2003) . However, praying on many water ecosystems simultaneously, within a radius of 30 km from a colony (Cramp & Simmons 1977 , Przybysz 1997 , cormorants deposit feces on a relatively small area under a colony and near the lake shore.
The consequences of the delivery of loads of allochthonous matter to the land ecosystem may be a significant enrichment of soil and plants with nitrogen and phosphorus (Anderson and Polis 1999, Mulder and Keall 2001) , factors that usually limit the primary production (Vitousek and Howwarth 1991) . Increased concentrations of N and P provided by birds in the area of the colony may be transferred together with groundwater or by the surface runoff to lakes (Klimaszyk et al. 2008) . Apart from enriching the aquatic ecosystems with chemical substances, water birds may be responsible for the microbial pollution of groundwater (Jones 2003) and surface water (Brieley et al. 1975) . Water birds can serve as reservoirs of bacteria pathogenic to humans, such as Escherichia coli (Kuhn et al. 2002 , Dobbin et al. 2005 .
What is particularly important in the context of human health protection is the significant amount of bacteria of bird origin carrying the resistance genes to antimicrobial drugs. The effect of the microbial contamination of soils and waters depends on the number of birds, their species, the season and duration of their stay in a given water reservoir (Alderisio & DeLuca 1999 , Wiśniewska et al. 2007a . For the purpose of monitoring, the sanitary quality of surface waters, fecal coliforms and E. coli have traditionally served as indicators of the water quality or as a means of classifying the waters in order to protect the public health.
The aim of the study was to assess if the colony of black cormorants may be a source of chemical and microbial contamination in Chrzypsko Lake.
MATERIALS AND METHODS

The lake
Chrzypsko Lake is a large (288 ha), but not very deep (max. depth 15 m) water reservoir. It has a slightly elongated shape, north-south oriented, with three bays in the northern part and two islands in the center (Fig. 1) . The bottom of the lake is strongly diverse, with numerous deep waters, while the slopes of the lake basin are gentle, thus enabling easy access to the lake. Its shoreline is moderately developed, and covered mainly with not particularly abundant reed beds. The physical and chemical properties of the waters (Table 1) are typical of the state of moderate eutrophy -mean water visibility is about 2.8 m and chlorophyll a concentration about 20 mg m -3 . Owing to its location, the lake is intensely used for recreation. Numerous holiday resorts and bathing places are located on its shores. In the west bay, there is also a rowing training center, the racetrack of which stretches near the cormorant colony.
Cormorant colony
The cormorant colony on Chrzypsko Lake has been in existence since the beginning of the 21 st century. It occupies the most northward island (Fig.  1) , with an area of 0.9 ha. The island is characterized by a slight elevation (up to 40 cm above the lake level). During the investigation carried out (between 2009-2010) in the area of the colony, 155-175 breeding pairs were recorded. At the same time, the beginning of the colonization of the neighboring island was observed; 4 breeding pairs were noticed there in 2009.
Methods
The researches were conducted between January 2009 and December 2010. In order to carry out microbial, physical and chemical analyses, the following samples were taken every two months:
• groundwater from the colony area (from piezometers installed in the central part of the island) and from the control site; • lake waters in 2 transects (the shore zone near the colony, 50 m from the colony, 100 m from the colony); • surface water from the central part of the lake.
Due to periodic lake freezing and temporary piezometers damage, 91 samples were collected throughout the study period.
The samples were tested for pH and electrical conductivity using a YSI multiparameter probe. Concentrations of selected forms of phosphorus and nitrogen were determined according to Standard Methods for the Examination of Water and Wastewater (2005) . Samples for microbial analyses were collected in sterile vessels and transported to the laboratory under refrigeration (4-6°C). The detection of coliforms and E. coli was performed using the Colilert-18 test by IDEXX -a method 
RESULTS AND DISCUSSION
The majority of previous studies concerning the influence of cormorants on the transfer of nutrients between water and land ecosystems have determined the significant impact of these birds on the nitrogen and phosphorus enrichment of soil under the colonies (Ligęza et al. 2001 , Hobara et al. 2001 , Ligęza & Small 2003 , Hobara et al. 2005 ). Due to specific morphology of the investigated colonies (a major inclination of the slopes of the catchment area), a transfer of nutrients from the colonies to the nearby reservoir was observed, mainly by the surface runoff, while groundwater was less exposed to the increased concentrations of nitrogen and phosphorus (Klimaszyk et al. 2008) . The results of this study indicate the high pollution of groundwater with nitrogen and phosphorus within the boundaries of the colony. Groundwater under the colony contained substantially higher amounts of dissolved mineral salts -electrolytic conductivity was almost 100 times higher than at the control site (Table 1) . Also, nitrogen and phosphorus concentrations in the groundwater were considerably higher in comparison with the control site. As regards mineral forms of nitrogen, nitrites occurred in the highest concentrations (Table 1) , reaching a maximum of over 150 mg N-NO3 dm -3 . Ammonium nitrogen was detected in the concentrations approximately 40% lower than nitrates. However, the organic form of nitrogen was present in the highest concentrations (Table 1 ). For each of the investigated forms, the statistical significance of differences in the concentrations between the sites under the cormorant colony and the control site was determined (U-Mann test, p<0.001).
Such high concentrations of nitrogen in the groundwater under the colony result from the significant load of elements deposited by cormorants. According to Kameda et al. (2000) , the supply of N per unit area beneath a cormorant colony totals more than 20 g m -2 a month. Nitrogen is deposited by cormorants (together with excrements) in the form of uric acid. As a result of numerous processes, with the participation of soil microorganisms, the acid is degraded to ammonia over a short time -an initial substrate of nitrification. Nitrogen in this form occurs mainly in the surface layer of soil under colonies (Ligęza et al. 2003) . In the cycle of N circulation in forest ecosystems, which are under cormorants' pressure, ammonia volatilization into the atmosphere is predominant (Mizutani and Wanda 1988 , Mulder and Keall 2001 , Ligęza et al. 2003 , Hobara et al. 2005 The intensity of free ammonia volatilization points to a very large diurnal variation depending on such factors as pH, soil moisture, temperature, precipitation, etc. (Loder et al. 1996) . In soils saturated with water, nitrogen turns into a dissolved ionic form and may undergo nitrification to nitrates (Hobara et al. 2001) . Depending on oxygen conditions, an increased accumulation of nitrates in the ground under a cormorant colony may be recorded at considerable depths (Ligęza and others 2003) . Cormorants also supply the area of the colony with significant amounts of phosphorus. Hobara and others (2005) claim that the delivery of P to the area is approximately 15 g m -2 per month. On the basis of literature data, it is assumed that P supplied by cormorants is effectively accumulated in the soils and its migration to groundwater is limited (Ligęza et al. 2003 , Hobara et al. 2005 . However, the results of this study prove that considerable amounts of P percolate into groundwater. In comparison with the control site, the groundwater was characterized by almost 90 times higher concentrations of total P and over 100 times higher concentrations of orthophosphates (Table 1) , with the differences in concentrations being statistically significant (U-Mann test, p<0.001). Very high concentrations of biogenic elements under the investigated colony seem to be a result of the specific morphologic conditions of the colony. A slight elevation of the island above the lake level causes the groundwater retention at an insignificant depth below the ground surface (10-50 cm, depending on the season), and therefore the infiltration of N and P from the surface layers of soil is intensive.
Nitrogen and phosphorus migrate to the lake together with groundwater. High concentrations of the analyzed forms of biogenic elements in the lake water at the site located by the colony limit demonstrate the intensity of the phenomenon (Table  1 ). In comparison with the central part of the lake, waters in the shore zone were characterized by approximately 30 times higher total N concentrations and over 10 times higher total P concentrations, and for all analyzed forms of N and P the differences between the sites were statistically significant (UMann test, p<0.005). The water in the shore zone could be additionally enriched with nutrients as a direct result of feces dropped by birds sitting on trees. The highest concentrations of N and P in the water by the colony were observed in the breeding season (between April and October) − when the guano supply was the largest. Maximum concentrations (almost 70 mg of total N and 5 mg of total P per dm 3 ) were recorded in the breeding season after lengthy precipitation and windless weather (August 2009). The N and P concentrations measured twice at that time exceeded the average for the entire study period. Such weather conditions caused the enrichment of lake waters, both with loads of nutrients previously accumulated in groundwaters and cormorant droppings washed out from the ground and vegetation surface. Without intensive water circulation in the lake (lack of wave motion), the dilution of the loads was slow. The influence of the nitrogen and phosphorus concentration on the areas of the lake far from the colony was less visible. No statistically significant differences in the concentrations of nitrogen and phosphorus forms were found between zones 50 m and 100 m distant from the colony and the surface water in the central part of the lake. However, mean values of the analyzed parameters formed a gradient from the highest values recorded near the colony to the lowest ones recorded in the central part of the lake (Table 1) .
Cormorants have a significant impact on the contamination of the colony's groundwater and lake waters with coliform bacteria, including Escherichia coli. Large clusters of animals may be a source of microbial contamination of the environment, because -as DeVincent (2004) indicates -E. coli and other coliform bacteria are common components of commensal fecal flora in humans and most animals. Cormorants and other water birds may be an important source of coliform bacteria in aquatic ecosystems and their surroundings (Jones 2003 (Jones , 2008 Wiśniewska et al. 2007a) . The results of this study show that the highest number of coliform bacteria and E. coli was observed in the groundwater under the colony (Table 2 ). The most probable reason for this is the high density of birds above the area and thus the considerable amount of excrement deposited on a small area of the colony. The number of examined bacteria was very high in the lake waters near the colony (Table 2 ). In comparison with the groundwater, the average number of bacteria was only three times lower at this location. This was likely to occur due to the intensive infiltration of the bacteria-rich groundwaters and the direct fall of excrements into the water (the sites were located in the direct proximity of tree crowns inhabited by cormorants). In the surface waters, the numbers of observed bacteria decreased as the distance from the colony increased (Table 2) . At the sites located 50 m from the colony, the average number of coliform bacteria and E. coli was 10 times lower, while at the Table 2 The number of coliform bacteria and E. coli in ground and lake waters. sites situated at a distance of 100 m, the number of coliform bacteria was 40 and of E. coli-more than 60 times lower than in the lake-colony contact zone.
The lowest values were recorded at the control site in the central point of the lake. Similarly, Niewolak (1999) and Wiśniewska et al. (2007b) have previously observed a similar trend -the greatest number of bacteria indicative of the sanitary state of the lake zone was observed near the areas inhabited by cormorants. For the investigated bacteria groups, a significant statistical difference in the concentrations between the sites was found (Fig. 2 -ANOVA Kruskal Wallis test). A post hoc analysis indicated that both in the case of E. coli and coliform bacteria, the colony exerted the strongest impact on the zones situated in the closest proximity to the lakedifferences in the numbers of bacteria in the groundwater and the contact zone were statistically irrelevant. Furthermore, no statistically significant differences were observed in the number of bacteria between the site located at a distance of 100 m from the colony and the control site in the central part of the lake (despite different mean values). This proves that the increase in the number of bacteria, induced by cormorant colonies, is confined to the zone of approximately 100 m around the colony. The number of bacteria in the zone often exceeded the critical value of 1000 MPN 100 ml -1 for E. coli and 10000 MPN 100 ml -1 for coliforms, which according to the Regulation of the Minister of Health (2002) would exclude the reservoir from leisure applications. The investigations also indicated a considerable difference in the number of coliform bacteria and E. coli in the groundwater under the colony and in the surface waters of the lake between the periods when the colony was inhabited by cormorants and the nonbreeding season. In the groundwater under the colony and at the sites near the colony (Fig. 3) and Fig. 2 . The number of E. coli (A) and coliform bacteria (B) at the following sites: 1 − ground water under the cormorant colony, 2 − lake water near the colony, 3 − lake water 50m from the colony, 4 − lake water 100 m from the colony, 5 -lake water at the control site, SE -standard error the sites located 50 and 100 m from the colony, the difference was statistically significant (U-Man test p<0.05). The highest concentrations of bacteria in ground and lake waters (except for the control site) were recorded in August 2009 (see max values in Table 2 ). At that time, the greatest number of birds (mature specimens and grown nestlings) was present at the colony and the deposition of feces was the greatest. In comparison with the breeding season, the number of bacteria rapidly dropped in the period from late fall to spring. Benton et al. (1983) , Levesque et al. (1993) also noticed a considerable influence of water bird clusters on seasonal fluctuations in the number of coliform bacteria in the surface waters. As in Wiśniewska et al. (2007a) , the correlation between the number of bacteria in water and concentrations of biogenic elements was also noted. However, it would appear that a direct correlation probably does not occur -the parameters are collinear with the intensity of the cormorants' impact. Birds provide considerable amounts of bacteria and nutrients in their guano.
CONCLUSIONS AND PERSPECTIVE
• Groundwater in the area of the cormorant colony contains significant concentrations of nitrogen and phosphorus. It is characterized by a large number of coliform bacteria and E. coli.
• Biogenic elements and bacteria penetrate into lake waters together with groundwater. However, the increased concentrations of nutrients and investigated bacteria groups are only observable in a small area around the colonies.
• Due to the growing number of cormorants in Europe, their impact on water reservoirs will increase. In the long term, extraordinarily large breeding groups of cormorants may affect the chemical and microbial contamination of aquatic ecosystems. This problem requires further observations and research.
